ABSTRACT: A simple, reliable, and relatively accurate method for estimating the time since death is described. It is based on the Triple-Exponential Formulae (TEF), which are devised for the first time in this study. The postmortem cooling rate of the brain, liver, and rectum in 117 forensic cases were investigated (Part I). The method can be used in the field as a computer program, reference graph, or reference chart-ruler. The program is simple and can easily be run by any user. There are six reference graphs representing the average brain, liver, and rectal cooling curves for naked and covered body groups. The ruler is designed for the rectal cooling curves for covered and naked bodies. This method requires one temperature measurement of the chosen body site and the environment. The postmortem interval is estimated as a probable value Ϯ a possible range of time estimates with a built-in confidence limit.
The problem of estimating the postmortem interval is regularly encountered in forensic practice and the answer to it frequently becomes of decisive value as to the outcome of a suspicious case (1) (2) (3) 8, 12, 15) .
It is now widely acknowledged among forensic practitioners that the temperature method for estimating the time of death is more reliable, easier to implement, and more likely to be of value than other methods, especially during the first 24 h after death (2, 7, 9, 10, (14) (15) (16) . Nevertheless, this does not mean that methods based on the postmortem rate of cooling are absolutely reliable and accurate as it has been shown that even the best of the cooling models may give significant errors in the estimation of the time since death when it is applied in the field (4-6,10,11,13).
There is, therefore, a continuing need for more accurate and reliable (albeit more complicated) methods for the estimation of the postmortem interval. An equally important objective is to establish statistically the extent of errors inherent in the method. These goals have become more possible and practicable in recent years by the application to forensic medicine of modern techniques for the acquisition, processing, and analysis of data (1) (2) (3) .
It should be noted that most available temperature-based methods, so far, are difficult to apply in the field, as they require the knowledge of several factors or the measurements of body parameters, which are usually not available for the forensic practitioner to start with. On the other hand, there are methods which are possibly easy to use but are basically flawed.
Experimental
Most methodological aspects of the data collection and analysis have been described earlier (Part I). Temperature difference ratios (Eq 1, Part I) at selected successive intervals after death, for naked and covered body groups, were averaged by simple numerical technique. Values of average and standard deviation were plotted versus postmortem time and areas of the scatters around the averages were shaded. Thus, six reference graphs were obtained.
Using Eq 1 (Part I) and the rectal temperature at the moment of death (T b0 ) for the naked body group (Table 1) , temperature difference ratios were calculated for selected values of rectal and environmental temperatures within a temperature scale ranging from 1 to 36°C. Thus, 36 curves were obtained, which represent the relation between the rectal and the environmental temperatures over a temperature range of 1 to 36°C. Then these curves were plotted to match the average rectal cooling curves for the covered and naked body groups. Thus, the Reference-Chart-Ruler was obtained. 4 Average parameters (P 1 to P 6 , Eq 2, Part I) were implemented in a specially written simple Window-based computer program. To enable this program to calculate the possible errors in the time estimates, the following procedure was performed: at selected postmortem intervals and for each body site, values of the standard deviations were added to and subtracted from the values of the mean temperature difference ratios R. Values resulting from the addition and subtraction were denoted as (U ) and (L) respectively (U for upper limit and L for lower limit to triple-exponential equations using the BMDP P3R Program. The formulae thus obtained were also implemented in the program (i.e., our program). Thus, three formulae were used for each site and each group of related cases, the first was the average cooling formula, the second was the upper limit formula, and the third was the lower limit formula as follows:
Where M 1 to M 6 (Table 1) are the mean values of the parameters P 1 Ϫ P 6 (Eq 2, Part I), R M is the mean value of the temperature difference ratio R (Eq 1, Part I), and tm is the most probable postmortem interval (PMI) estimate.
Where U 1 to U 6 (Table 1) are upper limit values of the parameters P 1 Ϫ P 6 (Eq 2, Part I), R U is the upper limit value of the temperature difference ratio R (Eq 1, Part I), and tu is the upper limit postmortem interval (PMI) estimate.
where L 1 to L 6 (Table 1) are lower limit values of the parameters P 1 Ϫ P 6 (Eq 2, Part I), R L is the lower limit value of the temperature difference ratio R (Eq 1, Part I), and tL is the lower limit postmortem interval (PMI) estimate.
The most probable estimated postmortem interval was calculated by the average formula and the range of time estimates was calculated by upper and lower limit formulae. Also implemented in the program were Eq 1 (Part I) and the temperatures at the moment of death (T b0 ) of the three body sites studied. These were derived empirically by a procedure outlined earlier (Part I). This enables the program to calculate the temperature difference ratio R. Therefore, the user should measure and input temperatures of the chosen body site and the environment as encountered in the field.
Results

Average Curves for Practical Use: Reference Graphs and ChartRuler
Through the curve fitting procedures (Part I) and subsequent averaging processes (2,3) the average cooling curves were obtained. These incorporated the scatter of temperature difference ratio (R) values to Ϯ 1 standard deviation. By joining the upper and lower limits of R scatters together and shading the area thus obtained, the errors or ranges of time estimates, which would probably be encountered in the field, can easily be calculated at any point in the graph (Fig. 1 ). These reference graphs simplified the application of the Triple-Exponential Formulae (TEF) to actual cases in the field. However, there is still a need for the forensic practitioner to calculate the values of R in the field using Eq 1 (Part I). This was considered a drawback and therefore a further simplification was made by introducing the reference chart-ruler ( Fig. 2) , which can be obtained by a special arrangement with the authors.
A Computer Program for Practical Use
The triple-exponential equation used in this study can easily be solved by a microcomputer or even by a small pocket computer.
The average values of the mean, upper limit, and the lower limit of the TEF parameters, which are integrated in the program, are shown in Table 1 . The site-specific temperatures at the moment of death (T b0 ), which are incorporated in the program (Table 1) were described previously (Part I). This enables the program to calculate the temperature difference ratio R. Therefore the user should measure and input temperatures of the body site and the environment as encountered in the field. This program can be obtained by a special arrangement with the authors.
As the scatter of the values of the temperature difference ratio (R) was relatively wide, only one standard deviation was used. This means that the confidence limit of the postmortem interval (PMI) estimations obtained by this method is 68%. In other words, this method is expected to accurately predict the postmortem interval in about two-thirds of the population. However, when the program devised in this study is used, the user can input temperatures of more than one body site. These should be measured at the same time so that the time after death would be estimated according to different average formulae. By averaging the errors in time estimates resulting from these formulae, the precision and reliability of time prediction is greatly improved (Table  2 ). Thus, two or even three standard deviations can be used and, therefore, the applicability of this method to normal population is widened.
Discussion
General Appraisal of TEF Method
It should be noted that temperature-based methods are not equal in their applicability to the field. Simple models such as the "Rule of Thumb" and "Newtonian Cooling" are perhaps easy to apply in the practice, but have been shown to give enormous errors in time estimates (16) . Moreover, from a theoretical point of view, the application of these models to the postmortem cooling is shown to be invalid (2, 3) . Other methods such as the double-exponential formula and its modifications are based on sound mathematical expression of the actual postmortem cooling curve but they are difficult to be used in practice. For instance, the double-exponential
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FIG. 1-Reference graphs for estimating the time of death based on the Triple-Exponential Formulae (TEF) for three body sites in naked and covered body groups. The shaded areas indicate the range of errors corresponding to Ϯ 1 standard deviation.
FIG. 2-Reference Chart-Ruler based on the Triple-Exponential Formulae (TEF) for estimating the time of death for the rectal cooling in the naked and covered body groups.
formula of Marshall and Hoare requires several temperature measurements over a period of many hours and in most occasions for at least 12 h. Also, it requires the measurements of some body parameters such as the weight and the surface area. In addition to that, it needs many constants to be derived for each case. Although some of the modifications and amendments of the double-exponential formula are relatively easier to use, they all inherit almost the same amount of errors in time estimates as well as the requirements for the measurements of the body weight and height, which are not readily available for the forensic practitioner in the field (17, 18) . Moreover, most of these methods have not been evaluated statistically on a significant number of cases and, therefore, the confidence limits of their use are not known.
The complexity of the problem of estimating the time of death is now apparent as many factors affect the postmortem cooling and sometimes interact in an unpredictable and irregular manner. This has caused some authorities in this field to suggest rightly that a good method for the timing of death should be able not only to provide a point of probable time estimate, but a bracket or window of possible estimates, to enable the law enforcement agencies to be flexible in dealing with such a complicated issue (16) . Unfortunately, most of the available temperature methods, so far, are unable to do so.
The current study represents a novel approach to the use of cooling models, in that:
1. It used microwave thermography to measure the temperatures of internal body organs by noninvasive techniques as described previously (1). 2. It also used computer-based methods extensively for data acquisition and processing (Part I). 3. Useful practical versions of the Triple-Exponential Formula (TEF) were developed and evaluated for the first time. These versions are very easy to use in the field. They require one temperature measurement of the body and the environment. Also, they give results which are relatively more accurate and reliable than the existing methods (2,3). 4. The error in time estimates resulting from the use of the method was assessed statistically on a relatively large number of cases (117 forensic cases). 5. The temperatures of each body site at the moment of death were studied and calculated by extrapolation from empirical data (Part I). 6. The shape of the cooling curve in three body sites was extensively evaluated both mathematically and statistically and the concept of the temperature plateau was tested (1-3) .
The Use of Reference Graphs
The solution of the average formulae developed in this study can be carried out manually using a reference graph, a reference chartruler or, more accurately, using a micro or even a pocket computer. It is, therefore, entirely possible to use this method in the field if the portable version of the microwave system, which has recently become available, is used. For this purpose reference graphs were prepared for each body site in the naked and the covered body groups (Fig. 1) . Each graph contains the average cooling curve for a body site in either the covered or the naked group. In addition to that, each graph contains a shaded area around the average curve. This area represents values of the standard deviation and indicates the possible errors in time estimates or the range of time estimates, which are likely to be encountered in practice. It is important to note that because the scatter of the values of the temperature difference ratio is originally wide, only one standard deviation is used and therefore these errors can, from a statistical point of view, be encountered in 68% of the cases in practice. In other words, the confidence limit of estimating the postmortem interval according to these graphs is 68%.
For the reference graph to be used, the temperature of a body site and the temperature of the environment are first measured in degrees centigrade. The second step is to calculate the temperature difference ratio R from Eq 1 (Part I). The temperature of the chosen body site at the moment of death (T b0 ) should be obtained from previous publications (Part I). The resulting average time after death and the probable range of error in the time estimate can then easily be measured.
The Use of Reference Chart-Ruler
The necessity to work out the value of temperature difference ratio (R) by the forensic investigator is considered as a drawback, however small, of the reference graphs' technique. Therefore the chart-ruler was designed to avoid any calculation. To use the chartruler, follow the instructions printed on the ruler itself. The shaded area gives the possible range of time estimates. For example, if the rectal temperature is 23°C and the air temperature is 19°C, follow the curve which corresponds to rectal temperature 23°C, then draw a vertical line from environmental temperature 19°C to the rectal temperature curve; the intercept, in this case, would correspond to R value at 0.25. Therefore, the estimated postmortem interval in a naked body is probably 18 h, ranging from 15.5 to 23 h after death and, similarly, in a covered body the estimate is probably 23 h, ranging from 18 to 28 h after death. The confidence limit is still the 
The Use of Computer Program
To enable practicing pathologists or forensic examiners to use the triple-exponential formulae developed in this study for more accurate estimation of the time since death, a specially written simple computer program was prepared. The program operates in any Window operating system. Following the instructions given by the program, the investigator is asked to input the temperature of a body site and the temperature of the environment and to indicate which body site is used (rectum, brain, or liver). Other data required for the prediction of the postmortem interval (Table 1) are built in the program itself. It should be observed that whenever the temperature of the environment is required this should be measured at about 2 m distance from the body to avoid artifacts due to the heat of the body. It is worth noting that when the temperature of a body site approaches that of the environment, the possible errors or the range of time estimates become wide and therefore, the results are less reliable. One-standard deviation values were incorporated in the program and therefore the confidence limit of the time estimates obtained from the program is 68%. If the Microwave Thermography System (1), or a similar device, is available the program would be able to accept inputs of the brain, liver, and the rectal temperatures together and, thus, a more accurate and reliable estimate of postmortem interval can be obtained (Table 2 ). At such conditions two, or even three, standard deviations can be used and, therefore, the accuracy and reliability of this method is strengthened and its applicability to the field is widened.
Finally, this study has emphasized the view that the problem of time of death is very complex and, therefore, further studies are required to scrutinize the influence of various body and environmental factors on postmortem cooling. We believe that the method devised in our study provides significant improvements as to the accuracy and reliability of time estimates over the existing methods. However, it is important to note that this method aims primarily at providing the law enforcement agencies with an investigational tool and, therefore, when the method is employed for evidential purposes it should be used with caution. We think that this method can be applied to a wide range of forensic cases and it would be useful for most of the situations encountered in usual forensic practice. However, it should be applied with care to bodies discovered under extreme weather conditions.
